Excitotoxic cell death is the fundamental process responsible for many human neurodegenerative disorders, yet the basic mechanisms involved are not fully understood. Here, we exploited the fact that the immature brain is remarkably resistant to seizure-induced excitotoxic cell death and examined the underlying protective mechanisms. We found that, unlike in the adult, seizures do not increase the formation of reactive oxygen species or result in mitochondrial dysfunction in neonatal brain, because of high levels of the mitochondrial uncoupling protein (UCP2). UCP2 expression and function were basally increased in neonatal brain by the fat-rich diet of maternal milk, and substituting a low-fat diet reduced UCP2, restored mitochondrial coupling, and permitted seizure-induced neuronal injury. Thus, modulation of UCP2 expression and function by dietary fat protects neonatal neurons from excitotoxicity by preventing mitochondrial dysfunction. This mechanism offers novel neuroprotective strategies for individuals, greater than 1% of the world's population, who are affected by seizures.
Recently, the key role of mitochondrial function and dysfunction in the mechanisms of excitotoxic cell death has been unfolding. [12] [13] [14] Specifically, these organelles have been shown to contribute crucially to calcium homeostasis of the cell, and to the handling of calcium influx during intense neuronal excitation. 15, 16 Conditions of intense energy demand and increased calcium load (i.e., those promoting excitotoxicity) lead to a marked increase in the formation of reactive oxygen species (ROS) in mitochondria. [17] [18] [19] [20] Accumulation of these compounds, coupled with progressive mitochondrial dysfunction and disruption of ATP production, play a critical role in excitotoxic neuronal injury and death. 16, [20] [21] [22] The magnitude of ROS production is largely dependent on, and correlates with, the mitochondrial membrane potential. 23, 24 This is because increased negative potential inside the mitochondria hinders further extrusion of positively charged protons, slowing electron transport. The resulting increased half-life of electron-rich compounds promotes electron shunting into ROS. 23, 24 Therefore, reduction of this potential via increased proton conductance across the mitochondrial inner membrane (uncoupling) reduces ROS formation. Uncoupling is mediated by members of the UCP family, which function to dissociate ATP production from oxygen consumption in mitochondria of muscle and fat tissues, 13, 25 leading to heat generation. Among characterized uncoupling proteins, UCP2 is significantly expressed in brain, including seizure-sensitive regions. 25, 26 The physiological roles of UCP2 expression in hippocampus, amygdala, and limbic (perirhinal and piriform) cortex are unclear. 27, 28 However, UCP2mediated mitochondrial uncoupling and reduced ROS formation during seizures could be neuroprotective. 25, 27, 29 In addition, during the developmental period when seizure-induced cell death is limited, 6, 8, 9, 30 the key brain energy substrate and a principal component of the suckling rat's diet is fat, 10 which induces and activates UCPs. 29, 31 Therefore, we tested the hypothesis that the resistance of limbic neurons of immature rat to seizure-induced cell death stems from the partial uncoupling of mitochondria in these neurons as a result of the high levels of UCP2 expression, which are enhanced by the fat-rich maternal milk. To further test this hypothesis, we then artificially reduced UCP activity and expression by providing immature rats with a low-fat synthetic diet; this manipulation provoked seizure-induced death of select limbic neurons.
Materials and Methods

Experimental Protocols
All animal experiments conformed to National Institute of Health guidelines and were performed with permission of the institutional animal care committee. To generate seizures of similar severity, 32, 33 we gave adult Sprague-Dawley rats (n = 56) 10 to 15mg/kg kainic acid (Opika; Ocean Produce International, Shelbourne, Nova Scotia) in 5mg/kg increments and immature rats (10-11 days; total n = 426) rats 1.5mg/kg, 34 both intraperitoneally. At both ages, severe seizures ensued, progressing from automatisms to clonus and loss of balance. 2, [32] [33] [34] The kainic acid doses used here led to approximately 20% mortality in adults and minimal (<1%) in the immature rats. 34 In the latter group, neither the duration nor the intensity of the seizures (scored behaviorally according to scales previously correlated with electroencephalogram seizures 34 ) were influenced by the experimental and dietary manipulations (see below).
Dietary Manipulations
Adult rats were maintained on ad libitum laboratory chow. Control immature rats were kept with the dams, nursing normally. The isocaloric low-fat diet was administered to P10 rats for 24 hours as described in detail previously. 35 The diet consisted of 10ml fat-free milk (Nestle Carnation) supplemented with nonfat powdered milk (Carnation; 14mg/100ml), supplying 16Kcal/day. Both experimental animals and nursing littermate controls were weighed before and after the experiment, and only those gaining or maintaining their weight were used, to avoid fasting-induced breakdown of body fat. 36 When kainic acid was administered, experimental animals (n = 90) were maintained on the low-fat diet for the duration of the experiment (30 hours total).
Mitochondria Isolation and Measurements of Respiration and Reactive Oxygen Species Production
Total mitochondria (hippocampal) and purified somatic mitochondria (perirhinal and piriform cortex) were isolated using differential centrifugation or a discontinuous ficoll gradient. 22 Synaptic mitochondria were released using a nitrogen cell disrupter (1,000psi for 5 minutes). Mitochondrial respiration was assessed using standard polarography methods at 37°C with pyruvate and malate (5 and 2.5mM) as oxidative substrates. 22, 29 UCP-mediated proton conductance was measured as increased fatty acid-induced respiration, 29 which then was compared with maximum respiration induced by the chemical uncoupler FCCP. 29 Mitochondrial ROS production was measured using the H 2 DCFDA (DCF) dye 22 and quantified by comparing the relative amounts of ROS produced in the presence of oligomycin (to maximize membrane potential) to basal ROS production (indicated as 100%). For all experiments, tissue from two to three adults and four to six immature brains was combined per sample. There were four to nine samples per assay.
Immunocytochemistry
UCP2 immunoreactivity was determined using a rabbit anti-UCP2 polyclonal antibody (Chemicon, Temecula, CA) diluted 1:10,000, and routine biotin/avidin complex methods (Elite kit; Vector Laboratories, Burlingame, CA), as described in detail previously. 33, 37 Immunoreactive neurons in cornu ammonis 3 region of the hippocampus (CA3) were counted, without knowledge of group, in six sections from each of a minimum of four animals per group. These groups included adult and infant rat controls and adult and infant seizure-experiencing animals.
Determination of Neuronal Injury
Animals were perfused transcardially under deep barbiturate anesthesia as described elsewhere. 6, 37 Brains were sectioned and processed for silver staining and Fluoro-Jade using established methods. 6, 9, 38, 39 Neuronal injury was evaluated using argyrophilia 6, 38 or uptake of Fluoro-Jade. 9, 39 
Statistical Considerations
Cell counts were performed without knowledge of treatment. For all analyses, the significance of differences among groups was set at p value of 0.05. Data were evaluated using Student's t test, with Welch's correction when required.
Results
Seizures Injure Limbic Neurons in Adult, but Not in Immature Rat Brain
Prolonged limbic seizures induced by systemic administration of kainic acid to adult rats 32 resulted in the typical pattern of limbic cell death. 1,2 Significant, widespread injury occurred in piriform and perirhinal cortex ( Fig 1D, E , G, H), and a less pronounced injury involved hippocampal CA3 pyramidal cells (see Fig 1A, B ) and hilar neurons (not shown). Kainate led to seizures that were as severe and prolonged (approximately 3 hours) in immature (10-dayold) rats, 30, 33, 34 but to no observable neuronal death (see Fig 1C, F, I).
Neuronal Mitochondria of Immature Hippocampus Are Uncoupled and Are Enriched in UCP2
The potential contribution of mitochondrial uncoupling to this resistance of the immature rat to seizure-induced limbic cell death was examined by conducting functional analyses of free fatty acid (FFA)-induced increases in proton conductance, a measure of the activation of mitochondrial UCPs. 29, 40 UCP-mediated proton conductance was measured as increased FFAinduced respiration, 22 which then was compared with maximum respiration induced by the chemical uncoupler FCCP (Fig 2A, inset) . Hippocampal mitochondria from adult rats showed a modest response to FFA; this indicates their limited uncoupling capacity, that is, a limited availability of UCPs that can be activated by FFAs. 29 In contrast, mitochondria from immature animals exhibited drastic increase in proton conductance in the presence of FFA, indicating UCP activation (see Fig 2A, top graph) . Somatic mitochondrial fractions from perirhinal and piriform cortex demonstrated a similar pattern (see Fig 2A, bottom graph) . These findings indicate that the UCP function and uncoupling capacity of neuronal mitochondria from immature rat brain are significantly greater than in mitochondria from limbic neurons of the adult.
Among characterized members of the UCP family of proteins, UCP2 is significantly expressed in brain, including seizure-sensitive regions. 25, 26 To determine whether the mitochondrial uncoupling activity in immature rat limbic neurons might derive from high levels of UCP2 expression, we compared UCP2 immunoreactivity in neonatal and adult brain. 37 UCP2 protein was concentrated in cell bodies in hippocampal CA3 (see Fig 2B, C, D) . A more quantitative analysis indicated that the numbers of neurons expressing this protein were significantly higher in immature CA3 compared with the corresponding adult region (17.6 ± 0.6 vs 8.7 ± 0.9). In perirhinal and piriform cortices, where neuronal cell bodies are smaller, UCP2 immunoreactivity was more notable in neuronal processes, likely representing mitochondriarich terminals and postsynaptic elements 25, 26 (see Fig 2E and F) .
Uncoupled Mitochondria from Immature Brain Produce Little Reactive Oxygen Species during Severe Limbic Seizures
Enhanced UCP2 levels and mitochondrial uncoupling in immature neurons would predict reduced ROS production during seizures, compared with adult rat neurons. Indeed, consistent with previous reports 22, 41 seizures led to striking increases in ROS production in adult ( Fig  3A) , but not immature rat mitochondria (see Fig 3B) . Increased ROS production in adult brain mitochondria was evident both 6 and 24 hours after the seizures (see Fig 3A) . Interestingly, seizures increased both the expression (see Fig 3C) and the function of UCP2 (see Fig 3D) in mature but not neonatal rat hippocampus. This ROS-induced upregulation of UCP2 might be a compensatory, neuroprotective phenomenon, 25, 26 limiting further free radical formation. 29 UCP expression and function are enhanced by fatty acids, 29, 40 which are maintained at high levels in neonatal animals by the high fat content of maternal milk. 10 Furthermore, fat breakdown products are taken up into the neonatal brain at rates far higher than in older immature and adult rats. 10 These facts raised the possibility that the high expression and function of UCP2 in neonatal brain might be caused by the neonatal diet. This hypothesis would predict that UCP2 levels and activity, and the UCP2-mediated neuroprotection, would diminish in neonatal rats deprived of their normally fat-rich diet.
Reducing Uncoupling Protein Expression and Function in Immature Brain Provokes Seizureinduced Production of Reactive Oxygen Species, Leading to Neuronal Injury
To test this hypothesis, we fed neonatal rats an isocaloric low-fat diet for 24 hours. 35 In mitochondria isolated after this acute dietary fat restriction, FFA-induced proton conductance was significantly decreased, indicating reduced mitochondrial uncoupling capacity ( Fig 4A) . As expected from this diet-induced decrease of mitochondrial UCP activity, basal ROS production was significantly enhanced, approaching adult levels (see Fig 4A, inset) .
The enhancement of ROS production was even more remarkable when kainic acid was administered to immature rats; seizure duration and intensity were not influenced by the immature rats' diet. However, whereas seizures elicited little ROS production in neonatal rats maintained on fat-rich maternal milk, these seizures provoked drastic increases in ROS production in mitochondria of the low-fat diet fed group (see Fig 4B) , resembling the findings in adult mitochondria (see Fig 3A) .
If UCP-mediated mitochondrial uncoupling underlies the resistance of the infant brain to seizure-induced excitotoxic cell death, then animals fed a low-fat diet should no longer be "protected." In line with this prediction, brains of animals that had been fed a low-fat diet and then treated with kainic acid demonstrated striking seizure-induced neuronal injury, visualized by Fluoro-Jade staining. Fluoro-Jade-positive neurons were numerous in perirhinal and piriform cortex in most (7 of 13) immature rats in the low-fat diet group (see Fig 4G and H) and were seen in only one of the 9 animals in the high-fat diet control group (see Fig 4E and  F) . Thus, reduction of UCP2 function via dietary manipulation rendered immature rat limbic neurons vulnerable to seizure-induced neuronal injury.
Discussion
The major findings of these studies are as follows. (1) Neuronal injury in mature hippocampus and cortex is associated with ROS production, whereas little ROS production is induced in resistant neurons in immature brain. (2) Mitochondrial uncoupling is a key determinant of the absence of seizure-induced ROS production in the immature limbic neurons and is associated with high basal expression of the uncoupling protein UCP2. (3) Reduction of UCP2 function and the resulting mitochondrial "coupling" endows the immature brain with vulnerability to seizure-induced neuronal injury.
Seizure-induced cell death has been a major topic of research and debate for several decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] 42 Neuronal death resulting from status epilepticus, 43, 44 and perhaps even from numerous recurrent seizures [45] [46] [47] (but see Pitkanen and colleagues 48 ), have been implicated in the process of epileptogenesis and in the declining cognitive function in populations of individuals with persistent epilepsy. 49, 50 Therefore, prevention of seizure-induced "damage" is a primary goal for neurologists and neuroscientists, a goal that requires understanding of the mechanisms involved. [3] [4] [5] 44, 49, 51 Remarkably, early in postnatal life, whereas limbic neurons are vulnerable to direct application of excitotoxins, 52 seizure-induced cell death, secondary to extreme activation of a neuronal circuit 1,2,53 is uncommon in both humans and animal models. 3, [5] [6] [7] [8] [9] 11, 30, 51, 54 The mechanisms for this resistance, which disappears during maturation, 54 have not been well resolved; clearly, knowledge of these mechanisms should be highly applicable to amelioration or prevention of seizure-induced cell death in the adult, and perhaps for other forms of excitotoxicity.
Whereas the role of ROS and of mitochondrial dysfunction in excitotoxic cell death has been rapidly unfolding, the relationship of mitochondrial function to specific vulnerability or resistance of neurons to seizure-induced cell death are not fully understood. Here, we highlight the role of mitochondrial uncoupling, driven by the UCPs, in the striking resistance of limbic regions of immature brain to prolonged seizures, including status epilepticus. Indeed, elicitation of seizure-provoked injury of limbic neurons by reducing mitochondrial uncoupling provides direct evidence for the critical role of this UCP-governed process in the mechanisms that protect the immature central nervous system from excitotoxic injury. 55 How do UCPs protect neurons from excitotoxicity? UCPs dissipate mitochondrial membrane potential that governs ROS production (see introduction). Reduced membrane potential also decreases mitochondrial uptake of [Ca 2+ ]. 15 Because mitochondrial Ca 2+ overload is considered a major trigger of mitochondrial dysfunction leading to ROS production, UCPs may reduce ROS formation also by limiting mitochondrial [Ca 2+ ]. UCP's expression is increased by fatty acids, independent of caloric overload, and the mechanism might involve fatty acid oxidation. 56 Thus, the high fatty acid content of the neonatal rat diet and the excellent penetration of FFAs into the immature brain might account for the increased UCP levels shown here. In addition, FFAs increase UCP function, by "chaperoning" proton transport through the UCP "pore."
In this study, neuronal injury occurred in limbic (perirhinal and piriform) cortex but not in hippocampus of immature rats with lowered UCP2 function. This might be a result of the increased vulnerability of perirhinal and piriform neurons to kainic acid-induced seizures compared with hippocampal pyramidal cells 1,2 or of subtle differences in the pattern of seizure activity induced in the neonatal brain. Alternatively, this observation suggests additional determinants of the vulnerability of these neurons.
In summary, the experiments described here suggest straightforward strategies for manipulating mitochondrial uncoupling in seizure-vulnerable brain regions, which is of major importance to human health. Seizures affect 1 in 25 infants and children and more than 1% of adults, 57, 58 where they may be associated with progressive regional loss of brain volume. 47 Therefore, understanding the mechanisms utilized by the immature brain to prevent seizureinduced cell death should facilitate interventional strategies aimed at preventing excitotoxic injury in the mature brain. Neuronal injury in seizure-sensitive limbic regions of mature and postnatal day 10 (P10) rats after systemic administration of kainic acid. 2, 33 (A, B) Hippocampal CA3 from adult rats demonstrates neurons with silver affinity within the pyramidal cell layer (green arrows), indicating their injury. 1, 2, 6, 7, 9 Such cells are not found in the P10 rat CA3 (C) including the pyramidal (sp), radiatum (sr), or oriens (so) cell layers. (D, E) Low and higher magnification views of the perirhinal cortex of mature rat show excitotoxicity in both deep and superficial layers of this seizure-vulnerable limbic region, whereas the corresponding region from a P10 rat (F) is free of silver-stained cells. (G-I) The piriform cortex, a highly seizure-vulnerable region 1,2 demonstrates seizure-injured neurons in adult (G, H) but not immature (I) brain. Differential effects of severe seizures on reactive oxygen species (ROS) production in mitochondria from immature and adult rat limbic neurons. (A) Evaluation of adult rat ROS production showed a significant increase at 6 and 24 hours after kainic acid administration, whereas (B) infant rat ROS production was not enhanced by these severe seizures. 33 
